Combining ability of inbred lines is important information in maize hybrid breeding programs incorporating materials from various germplasm sources. This study was conducted with germplasm varying in their maize streak virus (MSV) reaction, genetic, and geographic origin. In a half diallel cross of six parents, general and specific combining abilities were determined for grain yield, days to silking, ear height and MSV disease resistance. The grain yields of the single crosses were significantly higher from those of the hybrid checks, H614 and H513, which are popular varieties. The importance of both GCA (53%) and SCA (47%) for grain yield was observed, but a preponderance of GCA existed for days to silking, ear height, and MSV disease resistance. The best general combiners for grain yield and MSV resistance were CML197 (0.92, p<0.001) and C92 (-0.61 p<0.001) respectively. The prediction of hybrid performance for grain yield and MSV resistance could be based on GCA alone, but this should be within specific niches since GCA interacted highly with environments.
INTRODUCTION
Maize streak virus disease is considered to be one of the major problems facing maize farmers in Kenya and other African nations (Magenya et al., 2008; Martin and Shepherd, 2009 ). Many studies suggest that the obvious strategy to reduce maize yield losses caused by MSV would be to develop MSV resistant and/or tolerant cultivars (van Rensburg, 1981; Soto et al., 1982; Shoyinka, 1988) . The development of maize germplasm that is resistant to MSV has therefore been the goal of several breeding programs in Africa.
Breeding programs designed to improve grain yield in maize with tolerance to diseases usually require a good knowledge of combining ability of the breeding materials to be used. For effective selection of grain yield and other desirable traits, information on the magnitude of useful genetic variances in the population, in terms of combining ability and heterosis is required (Vacaro et al., 2002) . Significantly, however, the resistance to maize streak virus (MSV) of specific crosses cannot always be reliably predicted from pedigree information or by evaluating parental performance (Diallo, 1999) . Excellent resistance to maize streak is available in maize germplasm at various international, regional and national research institutes. Genetic polymorphisms have been observed in several sources of MSV resistance: CML202, CML197, OSU23i, Tzi3, Tzi35, AO76, VHCY, and C390 (Ininda et al., 1999) where sufficient diversity for MSV resistance was observed for further exploitation by breeders. Five of these lines: CML202, CML197, Tzi3 and VHCY were identified for inclusion in the present study. Several studies have documented the usefulness of some of these sources (Rodier et al., 1995; Welz et al., 1998; Pernet et al., 1999a; Pernet et al., 1999b) in breeding for MSV resistance, but information on their yield productivity crossed to locally adapted lines is scanty. Understanding how the different sources of resistance interact in crosses would hasten breeding of high yielding varieties through specific breeding procedures. Further, it will enable development of hybrids and open pollinated varieties that are well adapted to the mid-altitudes of Kenya and East Africa. This study therefore investigated the value of various sources of MSV resistance for favorable alleles in improving grain yield and agronomic performance. A half-diallel cross (Griffing, 1956b) . Uniform agronomic practices were observed in all locations. Recordings were made for various agronomic traits but reported here are grain yield (GY), days to silking (DTS) (number of days after planting when 50% of the plants extrude silk), and ear height (EHT) (height between the base of a plant to the insertion of the top-most ear of the same plant). Grain yield per plot was determined at harvest from fresh cob weight, adjusted to 12.5% moisture content and converted to tonnes per hectare.
MATERIALS AND METHODS

MSV disease screening:
Artificial inoculation for MSV disease expression was effected in two seasons at KARI Muguga with the Cicadulina mbila colony which was a direct descent from that of Storey and Howland (1967) and Bock (1974) . (This colony is used routinely in the maize improvement program at KARI-Muguga). The genotypes were screened using controlled leafhopper (Cicadulina mbila, Naude) infestation protocols modified from Leuschner and Buddenhagen (1980) by Dr. Jackson Njuguna (personal communication). The plants were inoculated at the 3-leaf stage in the field by attaching a small plastic vial with three viruliferous leafhoppers onto distal portions of the youngest leaf. A rating scale of 1 (no symptoms) to 5 (severe streaking with chlorosis) based on the protocol described by Soto et al. (1982) was used. MSV severity was rated on plot basis using the 1-5 scale with half points as follows: 1= no symptom on leaves; 1.5= very few streaks on leaves; 2= light streak on old leaves, gradually decreasing on young leaves; 2.5= light streaking on old and young leaves; 3= moderate streaks on old and young leaves; 3.5= moderate streaks on old and young leaves and slight stunting; 4= severe streaking on 60% of leaf area, plants stunted; 4.5= severe streaking on 75% of leaf area, plants severely stunted and 5= severe streaking on 75% or more of the leaf area, plants severely stunted, dying or dead.
Statistical analysis: Data across the three locations for all 24 entries were subjected to analysis of variance (ANOVA) and further, the 15 single crosses were analyzed for combining ability using Griffing's fixed effects strategy of method 4 (no parents or reciprocals), and (Griffing,1956b) and applying the following model:
, where the , , and represent the general combining abilities (GCA) of genotypes and and specific combining ability (SCA) of the cross between genotypes and , respectively. The sums of squares of the crosses were partitioned into GCA and SCA and their interaction with environment (i.e., location) estimated. A -test was used to assess the significance of GCA and SCA effects. The GCA: SCA ratio for estimating the importance of parental GCA in predicting hybrid performance was according to Baker (1978) , GCA: SCA = . For these analyses, the general linear model procedure (PROC GLM) in SAS (SAS Institute Inc, 1999) was used.
RESULTS AND DISCUSSION
Grain Yield: High grain yield potential was shown in the experimental single crosses (Table 2) , where 10 of the 15 single crosses had higher (p<0.05) grain yields than the best hybrid check, H513, which yielded 7.5 t ha -1
. The yields for these 10 single crosses ranged from 8.4 to 11.98 t ha -1 and were all significantly (p<0.05) earlier in maturity by days to silking than H614, a popular hybrid. High heterosis for grain yield was exhibited in the cross CML197 x CML202 with 11.98 t ha -1 , the highest yielding single cross. Three parents showed potential as seed parents, i.e., C92, EM11-133 and Tzi3 with 7.7, 6.1 and 5.4 t ha -1 respectively since they were higher yielding (p<0.05) than the inbred check, EM12-210 (3.9 t ha -1
). Despite the good performance of single cross CML197 X CML202 in terms of high grain yield, its parents were the least yielding; CML197 with 3.6 t ha -1 and CML202 with 3.9 t ha -1 . There were significant differences among GCA and SCA effects for grain yield; both GCA (48.2%) and SCA (51.8%) were equally important for this trait (Table 3 ). The association of both GCA and SCA with grain yield concurs with other findings (Nass et al., 2000; Machado et al., 2009; Qi et al., 2010) . The observation that GCA x location interaction was highly significant and greater than SCA x location interaction also agreed with other authors (Nass et al., 2000; Paterniani et al., 2000; Bello and Olaoye, 2009 ). However, since SCA x environment interaction was generally non-significant, stability of SCA effects across environments was indicated as similarly observed by Machado et al. (2009) . Two parents, CML197 (0.919***) and CML202 (0.693***) had the highest positive and significant GCA for grain yield, and thus contributed positive alleles in the crosses in which they were involved (Table 4 ). The three highest positive and significant SCAs were observed in crosses Tzi3 X VHCY (1.928***), C92 X EM11-133 (1.192***) and CML197 X CML202 (1.20***). Most of the other SCA estimates were generally negative, low or non-significant. It would be expected that the three crosses, which had the highest SCA, would liberate more variability in the segregating generations. This study also found that except in two crosses, CML197 X CML202 and C92 X EM11-133, high SCA for grain yield was not consistent with high yield performance, similar to the results of Xingming et al. (2001) .
Days to silking:
In all the genotypes evaluated, CML197 was the latest to silk (84 days), and therefore contributed to late maturing single crosses where it was a parent ( Table 2 ). The contrast was observed with parent VHCY, which was the earliest parent (64 days). There were significant differences among GCA and SCA effects for days to silking (Table 3 ). The percent contribution of GCA and SCA sum of squares to crosses sum of squares was 94.2% and 7.6% respectively, indicated that additive effects contributed majorly towards this trait. The importance of additive genetic effects in influencing days to silking has been reported before (Glover et al., 2005; Menkir and Ayodele, 2005) . Based on GCA effects, CML197 and VHCY contributed to lateness and earliness as they had the highest positive (3.972***) and negative (3.194***) GCAs respectively, for days to silking (Table 4) . It was also noted that although VHCY and Tzi3 were poor combiners for grain yield, they had negative GCA for days to silking, which could be used to introgress earliness into promising lines such as CML197.
Ear height:
Ear height among the genotypes tested variably ranged from 88 cm in parent VHCY to 164 cm in H614, a hybrid check (Table 2 ). There were significant differences among GCA and SCA effects for ear height but this trait was also highly influenced by additive effects since GCA contributed 90.4% to the crosses sum of squares (Table 3) . Most of the SCA estimates were non-significant further indicating that performance of crosses for ear height was dependent on GCA effects. Predominance of additive genetic effects in influencing ear height has been reported by other authors (Glover et al., 2005; Menkir and Ayodele, 2005) . The parents that acted additively to shorten the stature of their crosses were VHCY (-3.19***) and Tzi3 (-13.1***) (Table 4) while CML197 (14.31**) contributed to increasing ear height. Since short stature and, early varieties, are more desirable for mid-altitude areas, parents VHCY and Tzi3 could similarly be used to introgress shortness into this inbred line. One such single cross, Tzi3 X CML197 was found to be short, 142 cm, and the 2 nd highest yielding hybrid thus showing that short plants can be developed while maintaining high grain yields if this single cross was used as a parent.
MSV disease: Among the parents, C92 had the lowest MSV score of 1.13 confirming its near immunity status (Clerget et al., 1996) ; contrasting EM11-133 had the highest score of 3.06 indicating its susceptibility (Gichuru, 2008) (Table 2 ). The average MSV scores for these single crosses were respectively was 2.19 and 2.23, which deviated little or not at all from the mid -parent values, thus suggesting co-dominance effects were at play. Storey and Howland (1967) also observed that heterozygotes between resistant and susceptible lines reacted to infection in a manner intermediate between the parents where neither allelomorph was fully dominant. The lowest MSV scores were obtained in cross C92 X CML202 (1.44), which was also relatively high yielding. Most of the single crosses had moderate symptoms but these did not adversely affect the yield potential suggesting presence of tolerance to MSV. For the susceptible checks, their yield potential was nonetheless adversely reduced by MSV infection. Significance levels ***=p<0.001, **=p<0.01 and *=p<0.05; ns= non-significance GY= grain yield (t ha -1 ), DTS= days to silking, EHT= ear height, MSV=maize streak virus disease (score 1-5)
There were significant differences among GCA effects for MSV scores but SCA effects were generally non-significant (Table 3) . A high GCA (98%): SCA (2%) ratio was observed for MSV resistance suggesting that additive effects were important in the experience of for this trait. The importance of additive gene effects for MSV resistance has been reported in several other studies (Caulifield, 1997; Dintinger et al., 1997; Nhlane, 1997; Pixley et al., 1997; Vivek et al., 2010) . For leaf diseases, negative values of GCA and SCA indicate genetic contribution to expressed resistance. Thus parents CML202 (-0.122***) and C92 (-0.608***) showed the most negative GCA for MSV (Table 4) , and, therefore, the most desirable sources for useful resistance.
High yielding, early maturing, MSV disease resistant genotypes are of great importance to the maize producing areas of Kenya. Putative materials meeting these criteria were identified in this study since a high level of resistance to MSV was present, supported by earliness and high grain yields in the crosses. It is also crucial to note that the experimental materials included lines that are highly adapted to the Kenyan environments, e.g., CML202 and EM11-133. Single cross EM11-133 X CML202 was observed to combine desirable traits, i.e., high yield (9.34 t ha -1 ), early maturity (69 days), short stature (139 cm), and MSV disease resistance (score 2.47).
There were high GCA influences and thus per se line performances should be good indicators of the performance of resulting hybrids. Nevertheless, since GCA interacted highly with environments there is a need to select specific parents for hybrid formation in specific niches. This shows that except for grain yield, non-additive gene action played a minor role in the inheritance of other traits: days to silking, ear height, and MSV resistance. Hallauer and Miranda Filho (1988) also found dominance effects to bemore important for grain yield than for other traits such as plant height and ear height. Several researchers have similarly indicated the importance of additive effects in the inheritance of different agronomic traits (Ligeyo, 2000; Vacaro et al., 2002) . The importance of additive gene effects in controling MSV resistance has resistance also been observed for other major foliar diseases: gray leaf spot (Menkir and Ayodele, 2005; Vanegas-Angaritas et al., 2007; Derera et al., 2008; Vieira et al., 2009; Vivek et al., 2010) , and northern leaf blight (Vieira et al., 2009) . Overall, therefore, selection schemes utilizing additive effects would appear to be the most appropriate to improve maize foliar disease resistance.
It was also observed that although CML197 and CML202 had the highest GCA, had the highest grain yield in their cross, and possessed positive and significant SCA, these lines have been grouped in the same heterotic group "A" (CIMMYT, 2004) . This indicated that heterotic groups could change with environments of growth, and with different testers. Parent Tzi3 gave a low GCA for grain yield but was found to be a good combiner for earliness and short stature with inbred line CML197. This combination could be studied further with the view of extracting parental lines for use in developing superior hybrids for grain yield, earliness and short stature. Inbred lines CML202 and C92 had negative GCA effects for MSV and therefore they contributed towards resistance to the disease. These two lines have been widely accepted as sources of MSV resistance in Africa (Clerget et al., 1996; Benti et al., 1997; Welz et al., 1998; Pernet et al., 1999a) . CML202 was also reported to be a good source of resistance to multiple disease, i.e., gray leaf spot and northern leaf blight, in addition to MSV (Asea et al., 2009 ). The high yields of C92 and EM11-133 both as single cross and as parents under disease infection showed that their productivity was not affected by the disease, making this single cross the strongest candidate for release as a cultivar to farmers.
Several of the exotic lines used in this study, i.e., CML202, CML197, and Tzi3 have been introgressed into locally adapted lines, EM12-210 and EM11-133, information of base populations to be used in pedigree breeding programs for the mid-altitude areas of Kenya. This study therefore contributed towards a guided exploitation of the MSV resistance sources through understanding of the genetic relationships among the adapted lines used. Thus the lines could be used systematically in breeding varieties that are high yielding, agronomically appealing and having durable MSV resistance, where local varieties are susceptible to the disease.
CONCLUSION
The physical expression of the MSV disease in this study showed great differentiation, which was most probably reflective of the diverse nature of the germplasm used. Results show that single crosses involving the germplasm not only yielded significantly more grain and possessed better agronomic value than the check varieties but also contained potentially good seed and pollen parents. Some of these materials, for instance CML 197 and CML 202, have known adaptation to the Eastern Africa Region. The MSV resistant cross (CML197xCML202) produced 60% more grain than the best check variety used, and was early, a clearly desirable feature in the target environment. Thus this cross should be evaluated further for commercial use. As a male, CML 202 also combined with C92, a near immune line, to produce a single cross that had the lowest MSV scores and yielded high amounts of grain. Good performance was however subject to the vagaries of the environment of test, a factor that greatly influenced the type and level of genetic effects controlling such performance. Associated with this observation was the finding that heterotic grouping of lines is not absolute in the sense that it can substantially be altered both by the tester used and by the environment of test.
Similar to results of previously published work, grain yields were found to be under both GCA and SCA. Apparently, GCA effects interact highly with the environments of production while SCA effects are much more stable. Crosses with high SCA should be used to generate genetic variability to permit selection in appropriately segregating generations. Also earliness, as measured by days to silking, and short plant stature assessed by ear-height above ground, are controlled principally by additive effects, and hence should respond well if selection was practiced on the germplasm used in this study. Evidence was adduced showing that both codominant forces and additive effects mainly controlled the resistance to MSV present. From these results, it is concluded that the materials used in this study contained useful sources of MSV resistance, desirable grain yield potential and heterotic selections useful to breeders in Eastern Africa, in the altitudes of between 900 and 2000 meters above sea level, where rampant MSV presence has been a great constraint to production of maize.
